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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-199 

FREE FALL AND EVAPORATION OF JP-1 JET FUEL 

DROF'iXTS IN A QUIET ATMOSPKEE3 

By Herman H. Lowell 

SUMMARY 

In connection with the problem of the dispersion of jet fuel jetti- 
soned at altitude, an analytical investigation was made of the free fall 
with and without evaporation in a quiet atmosphere of JP-1 jet fuel drop- 
lets of average composition. 
fuels are comprable with that of JP-1.) As in a similar previous study 
of JP-4 fuel (NASA TN D-33), the significant physical characteristics of 
JP-1 were approximated by replacing the chemically complex fuel by a 
mixture of ten petroleum "fractions" having predictable evaporation rates. 

(Evaporation rates of commercial kerosene 
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Altitudes reached after given times of fall from a jettisoning alti- 
tude and ratio of residual mass of a droplet (at a given altitude) to 
original mass are given for a number of combinations of the following: 
initial droplet diameter, 250, 500, 750, 1000, 1500, and 2000 microns; 
jettisoning altitude, 13,000, 11,000, 9000, 7000, 5000, and 3000 feet; 
and sea-level air temperatures, -30°, -15', Oo,  15O, 30°, and 45' C. 

As in the study of JP-4, it was found that temperature was the prin- 
cipal'controlling variable. Evaporation rates of JP-1 droplets are very 
low below 0' C; even at temperatures between 10' and 20° C they remain 
moderate. At temperatures above 20° C, JP-1 droplet average evaporation 
rates gradually approach average rates of JP-4 droplets. 

Accordingly, JP-1 droplet evaporation may be ignored for many engi- 
neering purposes when sea-level temperatures are 0' C or lower. 
tion rates between 00 and 100 C are not sufficiently large to affect 
materially the liquid concentrations present after moderate distances of 
fall. Ground contaminations w i l l  be significantly greater in the case 
of JP-1 than for JP-4 except at the very low temperatures at which neither 
fuel evaporates at a significant rate (below -15' C). 
tion rates of JP-1 are comparable with those of JP-4 at temperatures 20° C 
higher. It follows that dispersal and ground contamination estimates can 
be made for either fuel by using appropriate results for the other fuel, 
due allowance being made for this 20° C differential. 

Evapora- 

In general, evapora- 
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INTRODUCTION 9 
As was remarked in previous reports (refs. 1 and Z ) ,  it occasionally 

becomes necessary to jettison at altitude all or a major fraction of the 
fuel load of an aircraft. Calculations of concentration of liquid fuel 
at given altitudes and times after release (ref. 2 )  require knowledge of 
both the spatial distribution of droplets and of the rates of decrease 
of droplet mass as the result of evaporation. 
given in reference 1 concerning fall in a quiet atmosphere both with and 
without evaporation of the jet fuel JP-4. 

Extensive results were 

Since it was known that JP-1 is not as volatile as JP-4, similar 
calculations were desirable for JP-1. Accordingly, a digital computer 
program was prepared which was, in many respects, equivalent to the 
original program (ref. 1) but which incorporated a number of improvements. 
In the original program, the rate of evaporation of each of ten hy-pothet- 
ical hydrocarbon fractions collectively simulating the real mixture was 
calculated for a droplet of a particular size and composition subjected 
to appropriate atmospheric conditions. The total rate of evaporation was 
then obtained as the simple sum of the separate rates (due regard having 
been taken of Raoult s Law), and the droplet was permitted to fall while 
evaporating at that rate for a small increment of time. 
such a time step, all relevant calculations were repeated, and this pro- 
cedure was continued until either the droplet disappeared or reached 
ground level. As an approximation, the droplet temperature was taken to 
be the air temperature. I n  the present program, the principal change was 
the removal of the latter approximation; decrease of droplet temperature 
as the result of evaporative cooling is now taken into account. The 
revised program is discussed in further detail in appendix A. 

I 

At the end of 
cc 

Extensive calculations concerning free fall with and without evapora- 
tion of JP-1 were made with the revised program; a few additional calcula- 
tions were made concerning JP-4. 

The results of these calculations are presented and discussed in the 
principal section of this report. Remarks are then made concerning the 
possible application of the new results to the problem of the dispersal 
of jettisoned jet fuel and the unresolved problem of ground contamination. 

In general, the term "air temperature" is used throughout to denote 
"sea-level air temperature" and should be so understood except where air 
temperature at altitude is explicitly mentioned or clearly implied. The 
terms "jettisoning altitude, "starting altitude, and "initial altitude" 
are used synonymously. 

& 

block diagram of the revised program in collaboration with the author and v 

Appreciation is expressed of the work of Miss Frances J.  Schubert of 
Lewis in connection with this investigation. Miss Schubert developed the 

coded the program in detail for the ERA 1103 computer. 



RESULTS AND DISCUSSION 

The results of the JP-1 calculations and of a few comparison JP-4 
calculations are exhibited in figures 1 to 6. 

Four kinds of presentation are made in these figures. In figures 1 
and 2, droplet altitude is plotted as a function of time. In figures 3 
and 4, the ratio of droplet residual mass to original mass is indicated 
as a function of droplet altitude. In figure 5, the effect of starting 
altitude on distance of fall for a given fractional mass loss is given 
more directly. 
temperature in figure 6. 
detail. 

Finally, mass l o s s  rate is presented as a function of air 
These results are considered below in greater 

The combinations of droplet diameter, jettisoning altitude, and sea- 
level temperature for which results are given in figures 1 to 4 are in- 
dicated in table I. It should be noted that extensive results are given 
for the jettisoning altitude 3000 feet and that fewer results, principally 
of use in the making of comparisons or in the estimation of trends, are 
given at the higher altitudes. Further, results of fall-with-evaporation 
calculations for 250-micron droplets alone are given for the -30° C tem- 
perature because total mass losses of larger droplets are in general 
ignorable at such temperatures. 

In figure 1, droplet altitude is given as a function of time for 
several starting altitudes; the parameter combinations are as indicated 
in table I. In particular, fall histories are presented for situations 
in which, in general, significant droplet evaporation is occurring. 
SoweverJ a number of histories are given of nonevaporating droplets for 
starting altitudes ranging from 3000 io YO00 feet; these Mstorizs rep- 
resent limiting ones in the obvious sense that distances of fall are 
greatest for nonevaporating droplets. 

Distance of fall varies linearly with time in the case of many of 
these results, particularly at the large-diameter low-temperature com- 
binations. 
beginning at the lower altitudes) at as low a temperature as -15' C in 
the case of the 250-micron results, and at temperatures between Oo and 
15' C in the case of the 500-micron results. 
associated with the significant evaporation occurring at such diameters 
at the temperatures in question (and exhibited directly in figs. 3 and 4). 

However, marked deviations occur (particularly for falls 

Such deviations are clearly 

At higher temperatures, d'eviations from linearity of the calculated 
relation between droplet altitude and time become very great; droplets 
having diameters of less than about 750 microns come virtually to rest 
after periods of fall varying, for example, at 30' C from 2 to 5 minutes 
at 250 microns to 5 to 10 minutes at 500 microns, the period increasing 
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with increasing jettisoning altitude. The substantial increases with al- 
titude of period of significant fall are caused principally by the de- 
crease of evaporation rate associated with the lower temperatures existing 
at the higher altitudes. 
tail.) However, secondary effects of changes of air density and viscosity 
are also present, particularly at altitudes above 7000 feet. 

(This effect is discussed below in greater de- d 

Detailed discussion of figure 2, a comparison of fall histories of 
JP-land JP-4 droplets, is deferred. 

In  figure 3, the ratio of the residual mass (of a JP-1 droplet) to 
original mass is given for the parameter combinations indicated in.table 
I. The 3000-foot results, as in the case of figure 1, are the most 
complete. 

! u 
0 
n 

The omission of evaporation results for droplets larger than 250 
microns at a temperature of -30' C can be understood when the 250- and 
500-micron results for a starting altitude of 3000 feet are considered 
(fig. 3(c)). At ground level (after a fall of 3000 ft), 0.87 of the 
original mass of a 250-micron droplet is still present; the droplet 
diameter is then 238 microns. On the other hand, at -15O C, 0.43 of the 
original mass is still present at ground level, and the droplet diameter 
has decreased to 188 microns. Finally, at Oo C, less than 0.04 of the 
original (250-micron) droplet is left after a fall of only 1800 feet; at 
the altitude of 1200 feet the diameter is 82 microns and the falling 
speed only 0.57 foot per second. In comparison, 0.87 of the original 
mass of a droplet that had an original diameter of 500 microns is still 
present at ground level at a temperature of -15' C, while 0.54 of the 
original mass is present at 00 C. 

c 

L 

On the whole, the major fact established by these results is that, 
despite the low evaporation rate of JP-1, significant fractions of smaller 
JP-1 droplets are lost during falls of less than 2000 feet at air temper- 
atures greater than -15O C. 
the losses in the case of a 500-micron droplet falling 1000 feet from an 
initial altitude of 3000 feet: 15 percent at 0' C, 47 percent at 15O C, 
and 96 percent at 30' C. 
present after a fall of more than about 500 feet at 45' C from an altitude 
of 3000 feet. Losses in the case of a 1000-micron droplet are less 
severe but are nevertheless significant at temperatures above O0 C. 
the same altitude (3000 ft), such a droplet would lose 12 percent of its 
original mass during a 1000-foot fall at 150 C, and would lose 33 and 70 
percent during such a fall at 30° and 450 C, respectively. 
loss  rates for a 2000-micron JP-1 droplet at a given air temperature are 
comparable with, though somewhat less than, those for a 1000-micron drop- 
let at a temperature 15' C lower, and the same relation holds between 
l o s s  rates for 1000- and 500-micron droplets (as the preceding numerical 
examples indicate). 

As additional examples, the following are 

No portion of a 500-micron droplet would be 

From 

Fractional 

Y 

*r 
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Loss rates of drople ts  a t  given sea- level  air  temperatures, but  f o r  
s t a r t i n g  a l t i t u d e s  o ther  than 3000 feet ,  a r e  a f f e c t e d  p r inc ipa l ly  by the 
decrease of temperature with a l t i t u d e  and secondari ly  by changes i n  o ther  
a i r  proper t ies .  The temperature e f f ec t s  are of such high r e l a t i v e  impor- 
tance as t o  warrant neglect of others  when est imat ing the probable i n f l u -  
ence of a l t i t u d e .  
f e e t  will lose  about 50 percent of i t s  mass during t h e  first 1000 f e e t  of 
f a l l  when the  ( sea- leve l )  air temperature i s  300 C ( t h e  evaporation h i s t o r y  
has not been p lo t t ed  i n  t h i s  instance) .  
f e e t  i s  about 8 O  C under these circumstances. 
l e v e l  temperature of 15' C the  a i r  temperature a t  3000 f e e t  w i l l  be about 
go C, and it i s  therefore  in t e re s t ing  i n  t h i s  connection t o  r e c a l l  the 
47-percent l o s s  (previously c i t ed )  of a 500-micron drople t  during a fa l l  
of 1000 feet from a j e t t i s o n i n g  a l t i t u d e  of 3000 f e e t  a t  15' C. The a i r  
temperature a t  a l t i t u d e  i n  the  l a t t e r  case, it will be noted, i s  about 
1' C higher than i n  the  case of t h e  f a l l  from 11,000 f e e t  ( sea- leve l  t e m -  
pera ture  of 30' C ) ,  but  the l o s s  r a t e  i n  the l a t t e r  s i t u a t i o n  i s  never- 
t he l e s s  s l i g h t l y  higher.  The difference,  c l e a r l y  small and of l i t t l e  
p r a c t i c a l  s ignif icance,  i s  ascr ibable  p r inc ipa l ly  t o  the  increasing mass- 
t r a n s f e r  r a t e s  associated with the  increase of d i f fus ion  coe f f i c i en t s  
stemming, i n  turn,  from the decrease of pressure w i t h  a l t i t u d e .  Fa l l i ng  
speeds are s l i g h t l y  higher a t  the  higher a l t i t u d e s ,  but  Reynolds numbers 
a r e  s l i g h t l y  lower (tending t o  decrease, bu t  not  s ign i f i can t ly ,  the  mass- 
t r a n s f e r  r a t e s ) .  

For example, a 500-micron d rop le t  f a l l i n g  from 11,000 

The air temperature at  11,000 
It happens t h a t  a t  a sea- 

F a l l  h i s t o r i e s  of JP-1 and JP-4 drople ts  are compared i n  f igu res  2 
and 4.  
t he  o r i g i n a l  program (IEM 650 computer) and the  present  one (ERA 1103) . Comparisons are a l s o  provided of JP-4 r e s u l t s  as obtained w i t h  

In  f igu re  2, d rople t  a l t i t u d e  i s  p lo t t ed  as a Yu-i-icticn cf time for 
t he  two f u e l s .  
f a l l i n g  from 5000 f e e t  a t  air temperatures of Oo and 30° C. 
of JP-4, these  r e s u l t s  a r e  given as calculated with both the  o r i g i n a l  
and t h e  present  programs. 

Results a r e  given for  750- and 2000-micron drople t s  
I n  the  case 

Marked d i f fe rences  between fa l l  h i s t o r i e s  of JP-1 and JP-4 drople t s  

JP-1 drople t s  
become evident within minutes a t  droplet  diameters of less than 1000 
microns. This i s  c l ea r ly  shown even i n  t h e  0' C r e s u l t s .  
of 750-micron diameter, f o r  example, f a l l  about 15 percent faster (on 
the  average) during t h e  f irst  240 seconds of f a l l  from a 5000-foot a l t i t u d e  
than 750-micron JP-4 drople t s .  For 2000-micron droplets ,  the d i f fe rence  
decreases t o  about 7 percent; f o r  droplets of both sizes the  d i f fe rences  
i n  dis tances  of f a l l  between the two f u e l s  is  about 300 feet .  The d i f -  
ferences between the  f u e l s  a r e  greater  a t  the 30' C temperature. 

I 

These differences are ascr ibable  almost e n t i r e l y  t o  the d i f f e r e n t  
mean r a t e s  of evaporation of JP-1 and JP-4. 
heavier,  but  such a d i f fe rence  w i l l  a f f ec t  f a l l i n g  speeds only t r i v i a l l y .  

L- 

JP-1 i s  about 2 percent  
't' , 
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(The two s e t s  of JP-4 r e s u l t s  exhibi ted i n  f i g .  2 are i n  exce l len t  
A s  indicated i n  the  INTRODUCTION, cooling of a drople t  through agreement. 

evaporation, which w a s  not considered i n  the  o r i g i n a l  650 program, i s  
now taken i n t o  account. The e f f ec t  of such cooling on evaporation r a t e s  
i s  re f lec ted  i n  the 1103 r e s u l t s . )  

The d i f fe rences  i n  evaporation rate between JP-1 and JP-4 a r e  w e l l  
i l l u s t r a t e d  i n  f igu re  4, i n  which the  r e s idua l  mass i s  p lo t t ed  as a func- 
t i o n  of  a l t i t u d e  f o r  750- and 2000-micron drople t s  of both JP-1 and JP-4 
f a l l i n g  from an a l t i t u d e  of 5000 f e e t  a t  a i r  temperatures of Oo and 30' C .  
The much lower mean rate of evaporation of JP-1 i s  evident,  but,  i n  
addition, t he  much g rea t e r  va r i a t ions  i n  evaporation r a t e  of a s ing le  
JP-4 droplet  during a free fa l l  are c l e a r l y  indicated.  
loss of a 2000-micron JP-1 drople t  occurs, but  a JP-4 2000-micron drople t  
w i l l  lose one-third of i t s  mass before s t r i k i n g  t h e  ground. 
temperature, the  l o s s  rate of a 750-micron JP-4 drople t  i s ,  on the  average, 
over twice as grea t  as that of a JP-1 drople t  during such a 5000-foot 
fa l l .  
ferences are, of course, g rea t e r  a t  t h a t  temperature. 

A t  0' C, l i t t l e  

A t  t he  same 

Incomplete r e s u l t s  are ava i lab le  for JP-4 a t  30' C, but  t h e  dif-  

Inspection of a g rea t e r  number of mass l o s s  r e s u l t s  f o r  the two 
f u e l s  reveals t h a t  at temperatures between -15O and 25' C mean l o s s  r a t e s  
of J P - l a t  given temperatures are roughly equal t o  those of JP-4 a t  tem- 
peratures lower by about 20° C.  A t  the  lowest temperatures, as has been 
mentioned, l i t t l e  evaporation of e i t h e r  f u e l  OCCUTS whereas JP-1 mean 
evaporation rates increase rap id ly  beyond about 25 C and tend t o  become 
equal t o  those of JP-4. The temperature a t  which this tends t o  occur 
varies somewhat with drople t  s ize ;  t h i s  po in t  i s  discussed again i n  con- 
nection with t h e  subsequent discussion of f igu re  6. 

0' 

I n  f i gu re  5, dis tances  of f a l l  of 500- and 2000-micron drople t s  a r e  
p lo t t ed  as funct ions of s t a r t i n g  a l t i t u d e  f o r  t he  f ixed  t o t a l  mass losses  
of 25, 50, and 75 percent f o r  t he  temperatures Oo and 30° C, where the  
r e s u l t s  can be p lo t ted ;  a t  0' C, 2000-micron drople t s  w i l l  have l o s t  only 
6.5 percent of t he  o r i g i n a l  mass during a f a l l  t 6  t h e  ground from an 
a l t i t u d e  of 13,000 f e e t ,  whereas the lo s s  has decreased only t r i v i a l l y  - 
t o  about 6 percent - for a f a l l  t o  the ground from an  a l t i t u d e  of 7000 
feet .  
case of a 2000-micron JP-1 drople t  f a l l i n g  from any a l t i t u d e  of present  
i n t e r e s t  when the  ground temperature i s  Oo C. 
i n t e r e s t  t h a t  t h e  (assumed) 12' C decrease of temperature between 7000 
and 13,000 feet  i s  near ly  s u f f i c i e n t  t o  o f f s e t  completely the  increased 
period of evaporation associated with t h e  higher a l t i t u d e .  

Accordingly, even a 25-percent loss i s  never approached i n  the  

In  addi t ion,  it i s  of 

( I n  t h i s  connection, it should be noted that a standard lapse r a t e  
of about 0.002° C per  f o o t  i s  assumed throughout t he  ca lcu la t ions .  
ac tua l i t y ,  t r u e  average lapse  r a t e s  tend t o  be somewhat lower when ground 
temperatures a r e  lower, and it follows that the  air  temperatures a t  

I n  

V 

I 
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a l t i t u d e  used i n  these  calculat ions are  somewhat lower than they should 
be a t ,  f o r  example, a sea- level  temperature of 00 C. 
adoption of a var iab le  lapse  rate would have g r e a t l y  complicated both 
presenta t ion  and possible  u t i l i z a t i o n  of t he  r e s u l t s  without s i g n i f i c a n t l y  
cont r ibu t ing  t o  the  ove ra l l  accuracy and gene ra l i t y  of the  study.)  

However, t h e  

I n  general ,  it i s  indicated i n  f igure 5 t h a t  l a r g e  increases  of dis- 
tance of f a l l  f o r  f ixed  mass losses  occur with increas ing  s t a r t i n g  al t i-  
tude, ground temperature remaining t h e  same. This e f f e c t  does no t  vary 
r ap id ly  with drople t  s i z e .  A s  an  example, a t  30' C the  ca lcu la ted  dis- 
tances  of f a l l  f o r  a mass l o s s  of 25 percent are 215 and 589 f e e t  f o r  a 
500-micron drople t  f a l l i n g  from a l t i t u d e s  of 5000 and 13,000 fee t ,  
respect ively;  t h e  corresponding f igures  f o r  a 2000-micron drople t  are 
3110 and 6663 f ee t .  
two a l t i t u d e s  occurs f o r  t he  500-micron drople t ,  and a n  increase  of about 
114 percent occurs f o r  t he  2000-micron drople t .  This e f f e c t  ( t h e  spread 
between t h e  increase percentages f o r  the two d rop le t  s i z e s )  i s  more 
marked a t  t h e  higher mass losses ,  bu t  i s  never l a rge .  

Thus, an  increase of about 174 percent between the  

I n  f igu re  6, t o t a l  f r a c t i o n a l  mass lo s ses  are p lo t t ed  as a funct ion 
of temperature f o r  J P - l  and JP-4 droplets  of both 500- and 1000-micron 
diameters f o r  a f ixed  dis tance of fa l l  (1000 f t )  from a s t a r t i n g  a l t i t u d e  
of 3000 f ee t .  The va r i a t ions  with temperature of mean mass loss rate 
during such a f a l l  are seen t o  be great  f o r  t he  f o u r  fue l -drople t  s i z e  
combinations. 
perature  i s  lower f o r  JP-1 a t  t h e  lower air  temperatures than f o r  JP-4, 
whereas t h e  opposite i s  t r u e  a t  air temperatures above about 0' C f o r  
500-micron drople t s  and above about 2 5 O  C f o r  1000-micron drople t s .  
r e s u l t s  would, of course, be d i f f e ren t  f o r  d i f f e r e n t  s e l ec t ions  of drop- 
l e t  s i ze ,  i n i t i a l  a l t i t u d e ,  and distaiice of f a l l .  Nevertheless, it i s  
evident that mean evaporation r a t e s  of JP-1 drople t s  a t  a given temper- 
a t u r e  and of JP-4 drople t s  a t  a temperature about 200 C lower are about 
equal i f  r e l a t i v e l y  s m a l l  d is tances  of f a l l  and ordinary temperatures 
are considered. 

However, t h e  r a t e  of  increase of mean loss rate with tem- 

These 

It i s  ind ica ted  i n  reference 2 t h a t  d rople t s  having diameters i n  t h e  
v i c i n i t y  of 500 microns w i l l  probably make the  largest contr ibut ions t o  
t o t a l  l i q u i d  drople t  concentrations.  Considering, then, only the  500- 
micron r e s u l t s  exhib i ted  i n  f igure  6, t h e  fol lowing summarizes w h a t  may 
be designated working r e l a t i o n s  among t o t a l  mass los ses  f o r  the  two f u e l s  
a t  var ious temperatures: 
between about -100 and 200 C, t o t a l  evaporation lo s ses  may be estimated 
by using ca lcu la ted  r e s u l t s  f o r  JP-4 a t  temperatures about 20° C lower. 
This decrement w i l l  be somewhat too  large a t  t h e  higher  a i r  temperatures, 
and seve ra l  degrees too  s m a l l  a t  the  lower temperatures. For JP-4 drop- 
l e t s  f a l l i n g  i n  a i r  a t  temperatures roughly between -40° and loo C, t o t a l  
evaporation losses  may be estimated by using ca lcu la ted  r e s u l t s  f o r  JP-1 

For JP-1 droplets  f a l l i n g  i n  a i r  a t  temperatures 
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several degrees too low at the lower temperatures. 0 

at temperatures about 20' C higher. 
ment will be several degrees too large at the higher temperatures, and 

As in the converse case, this incre- 

CONCLUDING REMELRKS 

It was indicated in previous reports (refs. 1 and 2) that, even 
when JP-4 is jettisoned at as small a ground clearance as 500 feet, 
dangerous airborne fuel concentrations (flammability being the sole 
criterion) would seldom, if ever, occur near the ground. The conclusion 
was valid even at air temperatures so low (less than -15' C for JP-4) that 
little evaporation of liquid fuel droplets would occur. Clearly, that 
conclusion requires no modification in the case of.JP-1. 

However, more liquid JP-1 will reach ground level than JP-4 under 
otherwise identical circumstances at all except very low or very high 
temperatures in view of the much lower mean rates of evaporation of JP-1 
droplets at ordinary  temperatures. 

low-altitude jettisoning of JP-1 will be more objectionable than such 
jettisoning of JP-4. 

It follows that, where ground con- 
tamination is a potential hazard o r  would otherwise constitute a nuisance, 'C  

" 
More specifically, the results of this study indicate that for small 

or moderate distances of fall little or no JP-1 fuel in droplet form 
will evaporate when the sea-level air temperature is 0' C or less, that 
evaporation rates remain low at temperatures between 0' and loo C, and 
that in general the evaporative behavior of JP-1 is comparable at a given 
temperature with that of JP-4 (ref. 1) at a temperature about 20° C lower. 
Accordingly, dispersal or ground contamination calculations made for 
either fuel will be approximately applicable to the other fuel when due 
allowance for this 20' C differential has been made. 
would not, however, be valid at very high or very low temperatures. 

Such a procedure 

Lewis Research Center 
National Aeronautics and Space Administration 

I Cleveland, Ohio, September 16, 1959 
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APPENDIX A 

REVISED COMPUTER PROGRAM 

The a n a l y t i c a l  approach t o  the  problem of the  f r e e  f a l l  and evapora- 
t i o n  of f u e l  drople t s  consis t ing of mixtures of many hydrocarbons w a s  
discussed i n  some.detai1 i n  reference 1. For the  present  work, a com- 
p l e t e l y  rewr i t ten  program w a s  developed and coded for a f a s t e r  computer. 

J 

> .I The a n a l y t i c a l  foundation, however, was not a l t e r e d .  Accordingly, only 
I n o n t r i v i a l  differences between the or ig ina l  and present  treatments a r e  

discussed; der ivat ions of a l l  major equations common t o  the  two programs 
a r e  given i n  reference 1. 

Two p r inc ipa l  changes have been incorporated. F i r s t ,  t h e  accuracy 
of the  r e s u l t s  has been increased by taking i n t o  account t he  lowering 
of drople t  temperature as the  r e s u l t  of evaporation. A heat-balance 
r e l a t i o n ,  together  with appropriate  program logic ,  now provides f o r  such 
drople t  cooling regardless  of the magnitude of that e f f e c t .  The second 
major change w a s  the  e l iminat ion of the approximation (eqs.  (B4) t o  (B7)  
of r e f .  1) previously made that droplet  f a l l i n g  speed and r e l a t i v e  Reynolds 
number are dependent only on droplet  diameter ( t h e  drople t  dens i ty  remain- 
ing  the  same) a t  low a l t i t u d e s .  
the  drople t  Reynolds number, and t h e  droplet  f a l l i n g  speed a r e  now com- 
puted a t  each s t e p  i n  the ca lcu la t ion  procedure i n  accordance with r e -  
l a t i o n s  ( B l )  t o  (B3) and (B8) t o  (B12) of reference 1. Accordingly, 
va r i a t ions  of a l l  re levant  atmosphere propert ies  a r e  a t  a l l  t i m e s  taken 
i n t o  account. In  t h i s  connection, a fu r the r  refinement i n  t h e  present  
program, although a minor one, i s  tine calci i lz t ioi i  of t h e  zc r rec t  dzoplet  
dens i ty  a t  a l l  t i m e s ;  changes of composition as w e l l  as drople t  con- 
t r a c t i o n  and expansion with temperature va r i a t ions  a r e  considered. 

N a  I 

2 
J 

I n  the present  program, the funct ion cp, 

An add i t iona l  minor a n a l y t i c a l  change was the  subs t i t u t ion  of a mean 
Schmidt number averaged over a l l  f u e l  components f o r  one averaged (as i n  
ref. 1) over only the  th ree  components that evaporate most rap id ly .  
was f e l t  that, i n  general ,  such an average would be more near ly  repre- 
s en ta t ive  of mean conditions during the evaporative h i s to ry  of the  drop- 
l e t .  Final ly ,  a f ixed Schmidt number is  no longer used; the  Schmidt 
number i s  permitted t o  vary with a i r  v iscos i ty  and densi ty .  

It 

In  addi t ion  t o  the  a n a l y t i c a l  changes j u s t  mentioned, a number of 
improvements i n  program s t r a t egy  were made which mater ia l ly  expedite 
t he  ca lcu la t ions  without compromising accuracy. The most important of 
these i s  the provision f o r  automatic select ion of t he  magnitude of t he  
time s t ep .  A t  each s t e p  i n  the  program, the magnitudes of t h e  f r a c t i o n a l  
mass change and the  change i n  a l t i t u d e  a r e  examined. 

la rge ,  t h e  t i m e  s t e p  i s  halved. I n  e i the r  case,  the  s t e p  j u s t  executed 

J 

If both a r e  un- 
J necessar i ly  small, the t i m e  s t ep  i s  doubled. If both a r e  becoming too 
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& is repeated at the new stop size to maintain accuracy. 
quadratic extrapolation relations are used for several of the major var- 
iables to facilitate computer transition from "guesses" to acceptable 
iterates. Regardless of the magnitude of the time step, the rate of 
release by the computer of calculated results (punchout) is independently 
and automatically controlled so as to insure release of an optimum amount 
of information. 
any time falls to a prespecified very low value, the portion of the pro- 
gram that performs the evaporation calculations is automatically bypassed; 
the droplet continues to fall to the ground without change of mass or 
composition, and program execution is greatly accelerated. 

Appropriate 

L 

Finally, if the rate of evaporation of the droplet at 

The complete computer program is presented in figure 7 in block 
form. Numbers in parentheses within the blocks are references to cor- 
respondingly numbered equations (or groups of equations) as given in 
this appendix. A complete list of the symbols used (altered trivially 
from those of ref. 1) is given in appendix 13. The only important rela- 
tions not present in reference 1 are the heat-balance equation (31) and 
the auxiliary relations (eqs. (15), (29), and (30)) required for the 
determination of the heat-transfer coefficient. Values of various pro- 
gram constants are given at the end of this appendix. The properties of 
the (assumed) components of JP-1 fuel, as obtained from references 3 and 

c 

4, are given in table 11. W 

Equations 

Note: A l l  summations are extended over the ten components. Ac- 
10 

cordingly, should be understood wherever appears. Subscripts 
1 I 

+1 or 0 are occasionally omitted where their presence would merely 
complicate a relation without adding meaning, for example, as in equations 
(30) and (31). 

z 

Y 
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a3 cu 
m 
I 
El 

Miei 

Pi 
- -  'c,in - 

Pn,i = ~ $$ ' 5  ~ (0.004215)273.163/2 
1 3 2  1.0 

'c,i + Vc,a 

cur: 
I 

9 

T, = t, + 273.16 

- 
md,in - Pd,inVin 

T, = T, - aH - - 

- - 
t, = T, - 273.16 

-* - 
T, = 1.8 T, 

- 4,2561 
Pa = Ps(Fa/Ts) 

( 3 )  1 



1 2  

AH - rng 
6H = 1 ] - 0.001 

= m i / M i  

ad  = ai 

Ei = ai/? 

t 

C 

c 
C 
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I 

a3 
N m 

I w 

#' 

J 

vi = mi/pi 

md,+l = mi 

Tota l  heat of vaporization = A C (&d)+l  

- 
ka = kz + %Ta 

( B T  > O ? j  t es t  constant subjec t  t o  operator choice; here 0.1) - 

I md,+l - md,O 
E 0.001 - I 'd 

( 3 0 )  

(34) 

(8, 2 O ? ;  t es t  constant subjec t  t o  operator choice; here 0.001) 
4 
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+ xo(existing) 
a* + 1 xo(new value) = (35) 

(a* subject to operator choice; generally 0.5 or 0.75) 

2 O?; test constant subject to operator choice; here 

(39)  

(40) 

(Corresponding relations for D, AT, Am) 

Constants \ 

a 0.0019812 OC ft'l 

'15 

Kb -0.00098594 (OC)-' 

KC 0.0001718 poise 

Kd 5 .08X10-7 poise (OC)-' 

Ke 

7.0274130 nondimensional 

4. 93X1O-l0 poise ( oC)-2 



K f  
I 

r' 'c,a 

A 

1.35134 nondimensional 

1.02468 nondimensional 

0.046399 nondimensional 

2 .O nondimensional 

0.55 nondimensional 

6.63984XlO- cm-3m01e-1( OK) 75 

0.01667 nondimensional 

100 ft 

2404.4 erg cm-lsec-l( OC)-' 

7.085 erg cm-lsec-l( 0C)-2 

8. 31436X107 erg mole-'( OK) -' 
31.4797 cm3 

3.6OX1O9 erg g'l 
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APPENDIX B 

SYMBOLS 

(Units, where not indicated, are those required by relation in 
Abbreviation "n.d." denotes nondimensional.) which symbol is used. 

lapse rate, oc ft-l 

constant defined by equation (l), OR 

constant in equation (21) 

diameter, cm 

expansion factor, (oc)-' 

gravitational force, dyne g- 

altitude, ft 

heat-transfer coefficient, erg cm-2sec-1( OC)-l 

mass-transfer coefficient, (g cm-2sec-1)/(dyne em-') 

initial droplet density at 0' c (assuming all partial 

1 

volumes = o .1), g cm-3 
fractional change of droplet density per unit temperature 
change (assuming equality of all component coefficients 
of expansion), ( O C ) - ~  

constant in equation (6), poise 

constant in equation (6),  poise ('')-I 

constant in equation (6), poise (OC)- '  

constants in equation ( a ) ,  n.d. 

constants in equations (14) and c15), n.d. 

constant (for a given component) in equations (1) and (21) 

constant in equation (17), ~m-~mole-l( 

test constant in equation ( 3 7 ) ,  n.d. 

75 

., 

c 
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KJ 
t 

5 . 

%2 

'a 

kz 
km 

M 

m 

NBP 

NP 

N um 

P 

l?r 

P 

Re 

sc 

T 

T* 

t 

U 

v 

X 

a 

a* 

P 

test constant in equation ( 3 8 ) ,  ft 

thermal conductivity of air, erg cm-lsec-l( OC)-l 

constant in equations group ( 3 0 ) ,  erg cm-'sec-l( "C) -' 
constant in equations group ( 3 0 ) ,  erg cm-lsec-l( 0 C ) - 2  

molecular weight, g mole-l 

mass, g 

normal boiling point, OR 

1,013,250 dyne atrn-l (conversion factor for p) 

heat-transfer Nusselt number, n.d. 

mass-transfer Nusselt number, n.d. 

pressure (ambient), dyne cm-' 

Prandtl number, n.d. 

vapor pressure, atm 

Reynolds number, n.d. 

S c P i d t  number, n.d. 

temperature, OK 

temperature, OR 

temperature, OC 

droplet falling speed, ft sec-l 

volume, cm 3 

any variable 

number of moles 

weighting factor; units those of 

diffusion coefficient, cm2 sec-l 

x-' 
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n 

6 

E 

e 

h 

CL 

P 

cp 

increment 

small d i f fe rence  

f r a c t i o n a l  molal i ty ,  n.d. 

t i m e ,  sec  

heat of vaporization, e rg  g - l  

v i scos i ty ,  poises  

density,  g cm- 

var iab le  defined by equation (B7), n.d. 

3 

Subscripts : 

(Note: When not  l i s t e d  here, see subscr ipted symbol.) 
1 

a pe r t a in ing  t o  air  (exceptions: see  symbols K, and ka) 

c h a r a c t e r i s t i c  value (as i n  Vc, t h e  c h a r a c t e r i s t i c  volume) # C 

d per ta in ing  t o  e n t i r e  drople t  (exception: see  symbol Q) 

g estimated ( "guessed") value (exception: see symbol Kg) 

h heat t r a n s f e r  (exception: see symbol Kh) 

i per ta in ing  t o  a component i (exception: see symbol K i )  

i n  i n i t i a l  value 

m weight-averaged mean ( o v e r a l l  components; exceptions: see 
symbols h, &, and N%) 

n 

ref reference value 

S sea- leve l  value 

t terminal  value 

-2, -1,o 

under normal conditions (00  C, 1 a t m  pressure)  

I 

values a t  various s tages  of calculat ion;  "0" denotes current  
value, "-1" preceding value,  e t c .  

U 

+1 t e n t a t i v e  cur ren t  value 
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41 

P 
: 

Superscript : 

denotes value that is a-representative mean over a finite 
time step (as, e.g., H or 'd) 
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'IIABLF: I. - PARAMETER COMBINATIONS FOR WHICH RESULTS 

fUB PLOmD I N  FIGURES 1, 2, 3, AND 4 

S ta r t ing  
a l t i t ude ,  

f t  

3 , 000 

5,000 

7,000 

9,000 

*11,000 

13,000 

~ 

Dirople t 
s i z e  , 

microns 

250 
500 
750 

1000 
1500 
2000 

250 
500 
750 

1000 
1500 
2000 

500 
1000 
2000 

500 
2000 

500 
2000 

500 
2000 

Figure number 

satwe, OC 
I 

a 

bResults not ava i l ab le .  
CHorizontal s t r a i g h t  l i n e .  

No evaporation permitted during ca lcu la t ion .  

30 I 45 
I 

193 1,3 
1,3 

1,3 
1,2,3,4 1,3 

1 
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TABLE 11. - PROPERTIES OF 

__ 
Corn 
lone 

1 

2 

3 

4 

5 

6 

7 

a 
9 

10 
- 

Percent 
evaporated 
a t  which 

evaluated 

5 

15 

25 

35 

45 

55 

65 

75 

85 

95 

Mean 
bo i l ing  
point ,  
OF 

33 7 

350 

358 

361 

366 

373 

379 

389 

402 

425 

:OMPONENTS OF ASSUMED MIX- 

Moleculai 
weight, 
Mi , . g/mole 

135 

139 

14 2 

142.5 

144 

146.5 

148 

151.5 

156 

164 

Density 

O A P I  

43.4 

42.3 

41.3 

41.1 

40.7 

40.0 

39.7 

38.9 

37.8 

36.2 

P i  , 
3 

g/cm 

3.809 

.814 

.819 

.820 

.822 

.825 

.8265 

.830 

.836 

.844 

Expan- 
s ion  

f a c t o r  
(b) 

1.1685 

1.175 

1.179 

1.1805 

1.183 

1.1865 

1.1895 

1.1945 

1.201 

1.2125 

0 “Volume average b o i l i n g  p o i n t ,  374.0 F (same as that. of 
Barnet t  and Hibbard, r e f .  3 ) .  

Mean average bo i l ing  point ,  377’ F. 
Group V p l o t  average of ref.  4 ( p .  22)  used; character iza-  

bRatio of densi ty  a t  room temperature t o  dens i ty  a t  boi l ing  
t i o n  f a c t o r  i s  11.6. 

poin t .  
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( c )  S t a r t i n g  a l t i t u d e ,  9000 f e e t .  

F i g u r e  1. - C o n t i n u e d .  D r o p l e t  a l t i t u d e  
a s  f u n c t i o n  o f  t l m e  a f t e r  r e l e a s e  a t  
f i x e d  s e a - l e v e l  a i r  t e m p e r a t u r e s .  F u e l ,  
J P - 1 .  

# 

- D r o p l e t  
d i a m e t e r ,  

mic rons  

l= 500 

I 

0 

Y 
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T 

i: 7f 
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7000 

5001 

400 

* b 

al a 
3 
u 
4 .  
u 3 

4 

30C 

20c 

0 

I r-- -I-- 
S e a - l e v e l  

~~ 

3 400 
Time, s e c  

(d) star t ins:  a l t i t u d e ,  7000 f e e t .  

F igure  1. - Cont inued .  D r o p l e t  n l t i i u d e  as f u n c t i o n  of t l m e  a f t e r  re lease  a t  f i x i , d  s ? a - l € ' u p l  a i r  

t e m p e r a t u r e s .  F u e l ,  JP-1. 
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. 

I w 500C 

c, 
k - 
a, 

400C 
-P 
.ri 
-P 
rl 
4 

300( 

I 

Sea-level 
temperature, 

100 200 
T i m e ,  S P C .  

(e) Starting altitude, 5000 feet. 

on s 
7 50 

300 

Figure 1. - Continued. Droplet altitude as function of time 
after release at fixed sea-level air temperatures. Fuel, 
JP-1. 
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